In the plant pathogen Pseudomonas syringae pv. glycinea PG4180 and other bacterial species, synthesis of the exopolysaccharide levan is catalyzed by the extracellular enzyme levansucrase. The results of Southern blotting and PCR analysis indicated the presence of three levansucrase-encoding genes in strain PG4180: lscA, lscB, and lscC. In this study, lscB and lscC were cloned from a genomic library of strain PG4180. Sequence analysis of the two lsc genes showed that they were virtually identical to each other and highly similar to the previously characterized lscA gene. lscA and lscC had a chromosomal location, whereas lscB resided on an indigenous plasmid of PG4180. Mutants with impaired expression of individual lsc genes and double mutants were generated by marker exchange mutagenesis. Determination of levansucrase activities in these mutants revealed that the lscB gene product was secreted but not that of lscA or lscC. Our results indicated that lscB and lscC but not lscA contributed to periplasmic levan synthesis of PG4180. The lscB lscC double mutant was completely defective in levan formation and could be complemented by either lscB or lscC. Our data suggested a compartment-specific localization of two lsc gene products, with LscB being the secreted, extracellular enzyme and LscC being the predominantly periplasmic levansucrase. Results of Western blot analyses indicated that lscA was not expressed and that lscA was not associated with levansucrase activities in any particular protein fraction. LscA could be detected in PG4180 only when transcribed from the vector-borne P lac promoter. PCR screening in various P. syringae strains with primers derived from the three characterized lsc genes demonstrated the presence of multiple Lsc isoenzymes in other P. syringae pathovars.
The extracellular enzyme levansucrase (Lsc) (EC 2.4.1.10) catalyzes the following three reactions: (i) synthesis of levan from sucrose by transfructosylation while releasing glucose, (ii) hydrolysis of levan to monosaccharides of fructose, and (iii) exchange of [ 14 C]glucose in the reaction fructose-2,1-glucose plus [ 14 C]glucose to fructose-2,1-[ 14 C]glucose plus glucose (19) . Levan is a high-molecular-weight ␤-(2,6)-polyfructan with extensive branching through ␤-(2,1) linkages. Lsc produces both linkage types.
Levansucrases have been isolated from various bacteria, such as Bacillus subtilis, Streptococcus mutans, Zymomonas mobilis, Acetobacter diazotrophicus, Erwinia amylovora, and Pseudomonas syringae (2, 9, 18, 22, 34, 41) . In contrast to levansucrases from gram-positive bacteria, which differ widely in their biochemical characteristics, levansucrases from gramnegative bacteria are similar in their molecular mass and substrate-independent expression (16, 22, 23, 43) .
The bacterial blight pathogen of soybean, Pseudomonas syringae pv. glycinea PG4180, causes formation of water-soaked lesions that develop into necrotic leaf spots surrounded by chlorotic halos. Like other exopolysaccharides (EPS), levan could have particular functions before or during the infection process (10, 32, 33) . The polyfructan levan and alginate, an O-acetylated copolymer of ␤-1,4-linked D-mannuronic acid and L-glucuronic acid, are the most prominent EPS of P. syringae (12, 13, 36) . Strains of P. syringae primarily produced alginate in planta and synthesized levan in culture (36) . EPS are thought to enhance bacterial survival both by generating a hydrogenated matrix to minimize direct contact with plant surfaces and thereby prevent host recognition and by providing a detoxifying barrier against plant defense compounds. Additionally, EPS formation may protect bacterial cells from desiccation, concentrate minerals and nutrients, and improve attachment to surfaces during epiphytic growth.
The synthesis of EPS is a common characteristic of various plant-pathogenic bacteria, and its role in virulence has been previously reviewed in detail (1, 10, 16, 18, 32, 39) . Levan may be particularly important during the early stages of infection to mask and protect the cell and support proliferation of the pathogen in host tissue (26, 33) . Although levansucrases have been isolated from various bacterial species and levan formation has been used for the taxonomic classification of P. syringae (6, 42) , little is known about the genetics and regulation of Lsc in P. syringae.
Previously, the biochemical characteristics of Lsc from P. syringae pv. phaseolicola were investigated (22) , and two genetic loci coding for this enzyme in P. syringae pv. glycinea and P. syringae pv. phaseolicola were identified (23) . In the latter study, two levansucrases from P. syringae, which differed only in their N-terminal sequences, could be expressed in Escherichia coli under control of the P lac promoter. It was shown that both enzymes were exported to the periplasm of E. coli without lethal effects but were not secreted from E. coli.
The aims of this study were the cloning and expression of two new lsc genes from P. syringae pv. glycinea PG4180 in E. coli, determination of their nucleotide sequences, analysis of the cell compartment-specific Lsc activities in PG4180 mutants with impaired expression of individual lsc genes, and analysis of their distribution in other pathovars of P. syringae.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Tables 1, 2 , and 3. Pseudomonas strains were maintained on mannitol-glutamate (MG) medium (28) at 28°C. For liquid cultures, bacteria were incubated in HSC medium (37) or King's B (KB) medium (30) at 18°C by Hettwer et al. (23) . E. coli DH5␣ was used as the cloning host (40) and was grown in Luria-Bertani (LB) broth at 37°C. Microbial growth was monitored by measuring the optical density at 600 nm (OD 600 ). The following antibiotics (in micrograms per milliliter) were added to the media when needed: ampicillin, 50; chloramphenicol, 25; kanamycin, 25; tetracycline, 25; spectinomycin, 25; streptomycin, 25; and gentamicin, 2.
Subcellular fractionation of bacterial proteins. Cell-free bacterial supernatants were obtained by centrifugation of cultures at 10,600 ϫ g and subsequent filtration of the supernatants through membranes with a pore size of 0.2 m. Supernatants were dialyzed to remove any residual glucose. Extracellular proteins were obtained from sterile bacterial supernatants by concentrating the samples 30-fold by lyophilization and then resuspended in 50 mM Tris HCl buffer. Subcellular fractionation of bacterial cells was performed by the method of Boyd et al. (5) . Cells were lysed by repeated freeze-thaw cycles or by sonication. The integrity of a particular subcellular fraction was verified quantitatively by detection of two reporter enzymes, ␤-galactosidase (LacZ) and alkaline phosphatase (PhoA), which are representative of the cytosolic and periplasmic cell compartments, respectively. For this, two transconjugants of P. syringae pv. glycinea PG4180 that harbored plasmids pAS-LacZ and pHL-PhoA (Table 2) , respectively, were used as controls. LacZ and PhoA enzyme activities were detected by the method of Rutz et al. (38) . The protein concentrations in cell lysates, periplasmic fractions, and supernatants were determined by the Bradford assay (40) .
Qualitative assays for levansucrase activity. Qualitative estimation of Lsc activity in sterile bacterial supernatants and subcellular fractions was done by spotting 5 to 10 l of samples on water-agar plates containing 5% sucrose. Enzyme activity was visualized by the formation of opalescent slime plugs after incubation at 18°C for 24 to 48 h. Zymograms with proteins from cell-free supernatants and subcellular fractions were prepared by polyacrylamide gel electrophoresis (PAGE) under nondenaturing conditions by the method of Hellio et al. (20) . For this, 15-l aliquots of native protein samples derived from concentrated supernatants or subcellular fractions of exponentially growing or stationary-phase cultures were loaded onto 10% polyacrylamide gels. Following electrophoresis, gels were incubated in sterile water containing 10% sucrose for 24 to 48 h at 18°C. Protein bands representing Lsc were detected by a whitish swelling of the gel matrix that corresponded to levan formation.
Quantitation of levansucrase activity. Lsc activity was quantified by measuring the amount of glucose liberated during incubation with sucrose using the Glucoquant Glucose/HK assay kit (Roche, Mannheim, Germany). A nonconcentrated 20-l sample of glucose-free supernatant or 20 l of a subcellular fraction was mixed with 20 l of assay buffer (10% sucrose plus 0.09% NaCl) and 2 ml of test reagent (83 mmol of Tris per liter, 5 mmol of HEPES [pH 7.7] per liter, 4 mmol of Mg 2ϩ per liter, 1.4 mmol of ATP per liter, 0.83 mmol of NADP per liter, 1.4 U of hexokinase per ml, and 2.5 U of glucose-6-phosphate dehydrogenase per ml). Subsequently, the reaction mixture was incubated at 25°C, and the absorbance at 365 nm (A 365 ) was measured at 15-min intervals for 1 h. One unit of Lsc activity represents the amount of enzyme in 1 ml of bacterial culture that liberates 1 mol of glucose per min.
Determination of the N-terminal protein sequence. Protein extracts of bacterial supernatants were concentrated 400-fold by precipitation with 10% trichloroacetic acid and loaded onto sodium dodecyl sulfate (SDS)-10% polyacrylamide gels. Gels were stained with 0.1% Coomassie blue R250 and destained with 40% methanol and 10% acetic acid. Subsequently, gels were washed with water. Protein bands were cut out of the gel, and R. Schmid (University of Osnabrück, Osnabrück, Germany) determined the N-terminal sequence by standard procedures.
Immunodetection of levansucrase. Proteins from crude cell extracts, concentrated supernatant extracts, or subcellular fractions were diluted, and equal amounts (2 g/lane) were separated by SDS-10% PAGE. Electrophoresis, electroblotting on nitrocellulose membranes, and immunodetection of proteins were conducted by standard procedures (40) . Polyclonal antibodies raised in rabbits against Lsc derived from P. syringae pv. phaseolicola were provided by U. Hettwer and K. Rudolph (University of Göttingen, Göttingen, Germany). The specificity of the Lsc antiserum at a dilution of 1:3,000 was evaluated with recombinant Lsc protein from E. coli and crude protein extracts of P. syringae pv. glycinea PG4180. For signal detection, secondary anti-rabbit immunoglobulin G antibodies conjugated to alkaline phosphatase (Sigma, Darmstadt, Germany) were used at a concentration of 1:7,500, and the reaction was visualized using 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium salt.
DNA procedures. Restriction digestions, agarose gel electrophoresis, purification of DNA fragments from agarose gels, electroporation, PCR, Southern blot hybridization, and small-scale plasmid DNA preparation were performed by standard techniques (40) . Subclones were generated in pBluescript II SK(ϩ) (Stratagene, Heidelberg, Germany), pRK415 (29) , or pBBR1MCS (31). Largescale preparation of plasmid DNA from E. coli was performed by alkaline lysis and purified with Qiagen tip 100 columns (Qiagen, Hilden, Germany). Isolation of plasmid DNA from P. syringae was accomplished by the method of Kado and Liu (25) . Triparental matings were done by the method of Gerhardt et al. (17) . Oligonucleotide primers specific for the amplification of the genes lscA, lscB, and lscC were 5Ј-ATGAGTAACATCAATTAC (lscA-F), 5Ј-TCAGCTCAGCACC ACGTTCT (lscA-R), 5Ј-ATGTCCACTAGCAGCTCT (lscB-F), 5Ј-TCAGCTT AGCGTCACGTC (lscB-R), 5Ј-ATGTCCACTAGCAGCTCT (lscC-F), and 5Ј-TCAGCTCAGTTGCACGTC (lscC-R). Oligonucleotides lscB-FC (5Ј-TCACT GCAGGCCCTAGCGCTGACCAAA) and lscB-RC (5ЈCGAGTCGACTCAGC TTAGCGTCACGTC) (PstI and SalI sites underlined) were used to amplify a 2.4-kb fragment containing lscB from plasmid pLB7.2 that was subsequently cloned into pBluescript II SK(ϩ) to yield pLB2. 4 .
DNA sequencing and analysis. Nucleotide sequencing reactions were performed by the dideoxynucleotide method (40) Generation of lsc-deficient mutants of P. syringae pv. glycinea PG4180 by marker exchange mutagenesis. An lscA-deficient mutant of strain PG4180 was generated by marker exchange mutagenesis as follows. The 5.0-kb PstI insert of plasmid pSKL3Sm (23) , which contained lscA mutagenized by insertion of a streptomycin resistance (Sm r ) gene cassette that was derived from plasmid pCAM140 (48) and is expressed from its own promoter, was subcloned into the broad-host-range plasmid pRK415, resulting in pRA3.1-Sm. This plasmid was mobilized into PG4180 by triparental mating, and transconjugants were repeatedly incubated in KB medium supplemented with streptomycin. Finally, potential marker exchange mutants were isolated as Tet s and Sm r colonies. One of these transformants was designated M1. To obtain a PG4180 mutant deficient in lscB or lscC, a 1.9-kb gentamicin resistance (Gm r ) cassette, which was derived from pMGm (35) with restriction enzyme SalI and is expressed from its own promoter, was ligated to XhoI-digested plasmids pLB7.2 and pLC5.5, respectively. The resulting 9.5-and 7.5-kb SalI inserts of plasmids pLB7.2-Gm and pLC5.5-Gm were subcloned into the mobilizable suicide vector pKmobGII (27) , yielding plasmids pKB7.2-Gm and pKC5.5-Gm, respectively. Both plasmids were separately mobilized into strain PG4180 by triparental matings, thereby obtaining mutants M2 (lscB) and M4 (lscC) via homologous marker exchange mutagenesis. Double mutants M3 (lscA lscB) and M5 (lscA lscC) were obtained by separate mobilization of plasmids pKB7.2-Gm and pKC5.5-Gm into mutant M1. To generate an lscB lscC double mutant, a 2.0-kb SalI-XhoI fragment containing a streptomycin-spectinomycin resistance cassette (Sm r Sp r ) from plasmid pCAM140 (48) was ligated to plasmid pLC5.5 that had been linearized with XhoI. The 7.5-kb SalI insert of the resulting plasmid pLC5.5-Sm was then subcloned into pKmobGII to generate plasmid pKC5.5-Sm. This plasmid was subsequently mobilized into mutant M2 by triparental mating to obtain mutant M6 (lscB lscC) via homologous recombination.
Nucleotide sequence accession numbers. The nucleotide sequences reported in this study were deposited in GenBank and EMBL data banks under accession no. AF345638 (lscB) and AF346402 (lscC).
RESULTS
Detection of lsc genes of P. syringae pv. glycinea PG4180. Previously, we had identified and characterized a functional lsc gene in P. syringae pv. glycinea PG4180 (23) . However, after this gene had been inactivated by marker exchange mutagenesis (see below), the mutant did not exhibit a levan-deficient phenotype, suggesting the existence of at least one additional allele of this gene in strain PG4180. Southern blot hybridizations under conditions of low stringency (hybridization temperature of 55°C) with genomic DNA from PG4180 digested with the restriction enzyme SalI and a DNA probe containing the previously described lsc gene from P. syringae pv. phaseolicola NCPPB1321 (23) were performed. The probe hybridized to three fragments of 5.5, 7.0, and 10.5 kb (Fig. 1) . This result and those of Southern blot analysis with other restriction enzymes indicated the presence of two additional lsc genes in PG4180. Consequently, the original lsc gene was renamed lscA, and the second and third lsc genes were designated lscB and lscC, respectively.
Cloning of the second and third levansucrase genes of P. syringae pv. glycinea. According to the previously published nucleotide sequence coding for Lsc from P. syringae NCPPB1321 (23), oligonucleotide primers lscB-F and lscB-R were designed to amplify an approximately 1.3-kb PCR prod-uct from genomic DNA from strain PG4180. A genomic cosmid library of P. syringae pv. glycinea PG4180 was subsequently screened for the presence of DNA homologous to this amplified 1.3-kb DNA fragment yielding a positive signal for a cosmid that was designated p7C7. Cosmid p7C7 contained a 7.2-kb EcoRV fragment, which hybridized to the 1.3-kb PCR product from strain PG4180 used as a DNA probe in a subsequent Southern blot analysis. This fragment was subcloned into pBluescript II SK(ϩ) in both orientations to obtain plasmids pLB7.2 and pLB7.2R. When E. coli transformants were plated on LB agar plates containing 5% sucrose, neither plasmid conferred levan formation to E. coli. A third copy of lsc was found by repeating the cosmid library screening by Southern blot hybridization with the 1.3-kb PCR product. Three individual cosmid clones contained a common 5.5-kb SalI fragment that hybridized with the DNA probe. The 5.5-kb fragment of one of those cosmids, p5C10, was subcloned into pBluescript II SK(ϩ) to yield plasmid pLC5.5. This plasmid also did not mediate levan synthesis in the E. coli transformants.
Nucleotide sequence analysis. Part of the 7.2-kb insert of pLB7.2 was sequenced on the basis of four oligonucleotide primers derived from the previously described lsc gene of P. syringae pv. phaseolicola (23) . The nucleotide sequence of a 1,296-bp open reading frame (ORF) designated lscB was determined and found to be 100% identical to the previously described lsc gene from P. syringae pv. phaseolicola NCPPB1321 (23) . The 5,561-bp insert of plasmid pLC5.5 was completely sequenced. Three complete ORFs designated orf2, lscC, and orf4 and an N-terminally truncated ORF named orf1 ( Fig. 2A) were identified following a comparison with database entries. The deduced amino acid sequences of orf2 and orf4 showed 72 and 71% similarity to an autolytic lysozyme from Xylella fastidiosa and a hypothetical protein from E. coli, respectively (accession numbers G82563 and F64902, respectively). The deduced amino acid sequence of the ORF fragment orf1 showed 89% similarity to a putative transposase from Pseudomonas sp. strain JR1 (accession number AF155505). The 1,296-bp ORF designated lscC showed 98% identity to lscB at the nucleotide sequence level. Nucleotide sequences of about 450 bp upstream of lscB and lscC were 97% identical to each other ( Fig. 2A) . Both lscB and lscC showed almost 99% identity at the deduced amino acid sequence level to each other. In their respective amino acid sequences, the gene products of lscB and lscC differed in only five residues distributed throughout the central and C-terminal regions (N92D, S119C, E327D, L329I, and T429Q). Both genes encode putative proteins of 47.6 kDa. Both genes also showed 86% identity to lscA at the nucleotide level and high similarity at the deduced amino acid sequence level (95%). The gene products of lscA, lscB, and lscC showed amino acid sequence similarities to various levansucrases of gram-negative and -positive bacteria comparable to those observed for lsc of P. syringae pv. phaseolicola (23) .
Genomic localization of lscA, lscB, and lscC. P. syringae pv. glycinea PG4180 harbors five indigenous plasmids with molecular sizes between 45 and 100 kb which encode various virulence and fitness determinants (3, 47) . To test whether any of the lsc genes might be plasmidborne, a Southern blot experiment was performed with undigested plasmid DNA from strain PG4180 and a probe containing lscA (Fig. 2B) . A clear signal was detected with a band representing the approximately 60-kb plasmid p4180D (3, 46) . When plasmid DNA from PG4180 was digested with the restriction enzyme SalI, a 10.5-kb fragment hybridized to the probe (data not shown). To find out which lsc gene was plasmid encoded, Southern blot analyses with DNA probes derived from DNA upstream of lscB and lscC ( Fig. 2A) were conducted (data not shown). The probe from the upstream region of lscB, but not that associated with lscC, hybridized to plasmid p4180D and to the 10.5-kb SalI fragment from total plasmid DNA from PG4180. Furthermore, a 10.5-kb SalI fragment was identified in cosmid p7C7, from which lscB was subcloned (data not shown). In contrast, lscA and lscC could be located to 7.5-and 5.5-kb fragments by SalI digestion of genomic DNA (Fig. 1 ) and of cosmid clones from which lscA and lscC were derived (data not shown). In summary, these results suggested that lscA and lscC were located on the chromosome, whereas lscB was located on the plasmid.
Search for putative N-terminal signal peptide sequences. The deduced amino acid sequences of all three lsc genes were analyzed for putative signal peptide sequences using the SignalP version 1.1 program. No putative signal peptidase cleavage site was found in the predicted amino acid sequence of lscA. Although a putative signal peptidase recognition site was observed in each of the deduced amino acid sequences of lscB and lscC, the SignalP program predicted them to be too close to the N terminus (eight amino acid residues downstream from the start codon) to be meaningful cleavage sites. To prove that no cleavage occurred during the translocation of Lsc through the two membranes, we determined the N-terminal amino acid sequence of a potential Lsc isoenzyme mixture from the supernatant of PG4180 cultures. Extracellular protein samples were loaded onto SDS-polyacrylamide gels, and a protein band of approximately 50 kDa was identified by zymographic detection of levan formation. The band was cut from the polyacrylamide gel, and the N terminus of the protein was sequenced. The amino acid sequence obtained was STSSSA VSQLKNSPLAGNINY, identical to the predicted N-terminal FIG. 1. Detection of three lsc genes in genomic DNA from P. syringae pv. glycinea PG4180 by Southern blot hybridization. A digoxigenin-labeled PCR product of the previously characterized lsc gene from P. syringae pv. phaseolicola NCPPB1321 was used as a DNA probe under conditions of low stringency (hybridization temperature of 55°C). Lanes: 1, 1.3-kb PCR product with lsc from NCPPB1321; 2, SalI-digested genomic DNA from PG4180.
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on December 14, 2017 by guest http://jb.asm.org/ sequence derived from the nucleotide sequences of lscB and lscC. This result together with the computer prediction clearly indicated that the enzyme(s) is not proteolytically processed during translocation across the inner and outer membranes and that the transport might therefore occur via a sec-independent mechanism. Expression and characterization of levansucrase from P. syringae in E. coli. Originally, we planned to clone and express all three lsc genes from P. syringae PG4180 under control of the vector-based P lac promoter in E. coli to test for the functionality of each gene product. As demonstrated previously (23) , lscA could be expressed under these circumstances. Because cloning of lscB in plasmid pLB7.2 or pLB7.2R resulted in undetectable Lsc expression in E. coli, we subcloned lscB as a 2.4-kb PCR product amplified from pLB7.2 into pBluescript II SK(ϩ), yielding plasmid pLB2.4. In plasmid pLB2.4, the vector-based P lac promoter was located much closer to the translational start codon of lscB than it was in plasmid pLB7.2, and this gene was expressed (see also Fig. 5A , lane 1) leading to levan formation in E. coli (data not shown). All attempts to insert the 5.5-kb SalI fragment containing lscC into pBluescript II SK(ϩ) in a manner that allowed P lac control of lscC failed. The lscC gene could be cloned only in the direction opposite that of the lacZ operon ( Table 2 ), suggesting that the lack of immediate transport of its gene product to the periplasm or intrinsic characteristics of LscC might be toxic to E. coli. Lsc activities were not detected in E. coli recombinants harboring any of the three lsc genes in orientations opposite that of P lac . This indicated that none of these genes were transcribed from their native promoters in E. coli.
Furthermore, we analyzed the compartment-specific localization of the lscB gene product in E. coli as determined by subcellular fractionation followed by zymographic detection. As shown for lscA (23), Lsc expressed from E. coli harboring pLB2.4 was not secreted into the supernatant (data not shown). The highest level of Lsc activity was found to be present in the periplasmic fraction, thereby confirming earlier data for lscA (23) . This result is in contrast to the situation in P. syringae, where Lsc is secreted to the supernatant (see below). These results suggested that the secretory pathway responsible for Lsc translocation in P. syringae is not present in E. coli.
Phenotypic analysis of lsc-deficient mutants of strain PG4180. PG4180 mutants disrupted in the three lsc genes were generated. The genotypes of all mutants were verified by PCR and Southern blot analyses (data not shown), indicating that lscA::Sm r , lscB::Gm r , lscC::Gm r , and lscC::Sm r had replaced the native alleles in the mutants. Subsequently, all mutants were grown on MG agar plates supplemented with 5% sucrose. Mutants M1 (lscA), M2 (lscB), M3 (lscA lscB), M4 (lscC), and M5 (lscA lscC) did not exhibit a levan-deficient phenotype, suggesting that at least two lsc gene products contribute to levan formation in PG4180. When plated on MG agar containing 5% sucrose, mutant M6 (lscB lscC) did not produce levan (Fig. 3) , indicating that lscB and lscC are functional, whereas lscA might not be transcribed or its gene product might exhibit an undetectable enzymatic activity.
Compartment-specific analysis of Lsc activities in P. syringae. To quantitatively determine the contribution of each lsc gene product to the total Lsc activity inside and outside the cell, cultures of strain PG4180 and its lsc mutants were grown in HSC medium at 18°C until they reached an OD 600 of 1.5 to 2.0. Subsequently, Lsc activities in the total cell lysate, periplasmic fraction, cytosolic fraction, and the cell-free supernatant were quantified photometrically (Fig. 4) . Although visually not distinguishable from levan formation in the wild type, all mutants except M6 (lscB lscC) consistently showed a slight to moderate decrease of total Lsc activities, with values ranging from 46 to 78% of the wild-type level. No Lsc activity could be measured for the lscB lscC double mutant M6. The periplasmic portions of Lsc activities were less affected in all levan-producing mutants and represented the largest part of the total Lsc activity (Fig. 4) . In contrast, cytosolic fractions contained only minor Lsc activity, suggesting that the lsc gene products were efficiently exported in PG4180. Lsc activities in the cytosolic and extracellular fractions were the lowest in the lscB mutants (M2, M3, and M6), indicating that lscB expression represents the major source of Lsc. In a comparison of supernatant samples of the three single mutants, M1 (lscA), M2 (lscB), and M4 (lscC), it appears that the lscB gene product contributes most to the extracellular Lsc activity (Fig. 4) . This result was confirmed when the extracellular Lsc levels of the double mutants   FIG. 3 . Levan formation by P. syringae pv. glycinea PG4180 and mutant M6 (lscB lscC). Bacteria were streaked on MG agar plates containing 5% sucrose and incubated at 18°C for 7 days. PG4180, but not M6, clearly produced levan, as shown by the whitish swelling.
FIG. 4.
Quantitative analysis of the compartment-specific levansucrase activities in P. syringae pv. glycinea PG4180 and its lsc mutants. Bacterial cultures were incubated in HSC medium at 18°C until they reached an OD 600 of 1.5 to 2.0. Levansucrase activities (calculated per milliliter of culture) were determined photometrically in the total cell culture and in cytosolic, periplasmic, and extracellular fractions. Data represent average values from three independent experiments with three replicates each. Error bars symbolize the minimum and maximum values.
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were compared. LscB and LscC contributed equally to the Lsc activity in the periplasm. Mutations in lscA had the least significant impact on Lsc activity regardless of the fraction studied. Additionally, we analyzed the membrane fractions of various mutants and the wild-type PG4180 for Lsc activities (data not shown). Lsc activity was negligible in those fractions, regardless of the mutant background, suggesting that Lsc is not membrane-bound.
To ensure that the subcellular fractions were not significantly contaminated with proteins from other fractions, cells of strain PG4180(pAS-LacZ) and PG4180(pHL-PhoA) were incubated under the conditions described above and subjected to subcellular fractionation. Subsequently, LacZ and PhoA activities were quantified photometrically in three individual experiments, each with three replicates. The cytosolic fraction of PG4180(pAS-LacZ) showed 198 U of ␤-galactosidase activity, while the cognate periplasmic fraction exhibited 54 U of LacZ activity, indicating that the periplasmic fraction could have been contaminated with cytosolic LacZ by approximately 27%. When fractions of PG4180(pHL-PhoA) were analyzed for PhoA activities, 22.5 U of PhoA activity was measured in the periplasm compared to 3.3 U of PhoA activity in the cytosolic fraction, suggesting that the latter fraction was contaminated with periplasmic PhoA by 15%. Neither LacZ activity nor PhoA activity was detected in the extracellular fractions.
Immunological detection of Lsc in different cell compartments. To distinguish between protein secretion and enzymatic activity of Lsc, Western blot experiments were performed with total cellular protein samples and extracellular protein fractions of strain PG4180 and its lsc mutants using polyclonal antibodies raised against Lsc of P. syringae pv. phaseolicola (22) . Results given in Fig. 5 demonstrate that Lsc could be detected in crude protein extracts and in the supernatant of PG4180 but not in any protein fractions of M6 (lscB lscC), suggesting that lscA is not expressed. Signals for Lsc were detected in all levan-producing mutants of PG4180 (Fig. 5A) . Moreover, signals were strongly decreased or absent from the extracellular fractions of lscB mutants (M3 and M6) but were present in the lscA lscC mutant M5 (Fig. 5B) , which suggests that LscB was the secreted enzyme. These results show that the compartment-specific occurrence of Lsc activities strictly correlates with the presence of the enzyme(s), allowing the possibility of a catalytic inactivation of LscC in the culture supernatant of PG4180 to be ruled out.
Complementation experiments with the levan-deficient mutant M6. To provide evidence that the gene product of lscB is indeed secreted by strain PG4180, the 7.2-kb insert of pLB7.2 was subcloned to pBBR1MCS to yield pRB7.2. This plasmid and cosmid p5C10 carrying copies of lscB or lscC, respectively, were separately introduced to the lscB lscC mutant M6. The accumulation of Lsc in subcellular fractions of the respective transconjugants was assayed by using zymograms and Western blot analysis (data not shown). As expected, Lsc was secreted to the exterior of transconjugant M6(pRB7.2) but not to that of M6(p5C10). However, both transconjugants were visibly mucoid when streaked on MG plates containing 5% sucrose. These results supported our previous findings and suggested that even though functional lscC restored levan formation to M6, its gene product was not secreted to the supernatant but instead accumulated in the periplasm.
Analysis of the gene product of lscA. Although lscA was previously expressed in E. coli, giving rise to levan formation by E. coli (23), our current data for the levan-deficient mutant M6 (lscB lscC) suggested that lscA was not expressed in P. syringae pv. glycinea PG4180. To confirm this, the 3.1-kb PstI fragment from plasmid pSKL3 harboring a functional lscA gene was subcloned into the broad-host-range vector pRK415, yielding plasmid pRA3.1, in which lscA was transcriptionally linked to the vector-borne P lac promoter. This plasmid was then introduced into strain PG4180 and its mutant M6. Transconjugant M6(pRA3.1) exhibited a mucoid phenotype when streaked on MG plates containing 5% sucrose, indicating that the lscA gene product is functional but that its gene is not expressed from its own promoter under the in vitro conditions tested in PG4180. Subsequently, Western blot experiments were performed with PG4180, M6, and their respective transconjugants harboring plasmid pRA3.1 (Fig. 6) . The immunologically detectable gene product of lscA can clearly be distinguished from those of lscB or lscC due to its smaller size. LscA could be detected when itsshown). These data revealed that the occurrence of multiple copies of lsc is widespread in various pathovars of P. syringae.
DISCUSSION
Herein, we provide evidence for the presence of three lsc genes in the plant pathogen P. syringae pv. glycinea PG4180 that show a high degree of similarity of their primary sequence data. While the nucleotide sequences of lscB and lscC were almost identical to each other and to lsc from P. syringae pv. phaseolicola (23) , they differed from that of lscA by approximately 14%.
Screening for multiple lsc copies among P. syringae pathovars revealed that multiple occurrence of lsc genes is characteristic of pathovars other than glycinea. Our data indicated that lscB is located on the plasmid and identical to a gene coding for Lsc from P. syringae NCPPB1321 (23) . This result confirmed reports on the conservation of lsc genes in plantassociated gram-negative bacteria (2, 16, 23) and implied that horizontal gene transfer might have been involved in their distribution. Subsequently, plasmid DNA from P. syringae NCPPB1321 was analyzed by Southern blot hybridization for the presence of lsc. Indeed, a signal representing a plasmid of unidentified size could be obtained, indicating that at least one lsc gene of NCPPB1321 is located on the plasmid (our unpublished observation).
So far, all levan-producing bacteria tested have contained a single gene coding for Lsc in their genomes (2, 15, 16, 21, (43) (44) (45) . Redundance of lsc in the genome of P. syringae could signal its ecological importance or might hint at different functions for each of the gene products. In the fire blight pathogen, E. amylovora, levan formation was shown to significantly contribute to virulence and in planta multiplication (16) . Whether levan formation plays a critical role during the infection of soybean plants by P. syringae pv. glycinea PG4180 is currently being investigated. Our preliminary results for virulence and in planta survival assays with the levan-deficient mutant M6 and the wild-type strain PG4180 suggest that M6 does not exhibit impaired pathogenicity after infiltration into soybean leaf tissue. However, when spray inoculated, M6 showed decreased survival on the leaf surface, indicating that levan formation might be required for the saprophytic fitness of P. syringae. Moreover, results of the spray inoculation experiments (and spray inoculation resembles the natural infection process much more than the infiltration technique) also suggested that there were fewer symptoms and less bacterial multiplication in the plant tissue in the levan-deficient mutant than in the wild type (data not shown). Detailed analyses of in planta levan formation and lsc expression are currently being conducted in our laboratory.
Even though all three lsc genes could be cloned in E. coli, only transcription of lscA and lscB under control of the vectorbased P lac promoter gave rise to recombinant levan formation. This result is consistent with various reports showing that many P. syringae promoters are nonfunctional in members of the family Enterobacteriaceae and suggests that E. coli might lack the native regulatory system(s) for transcription of lsc genes from P. syringae. Lack of export of LscC in enterobacteria may be the primary reason for our failure to express LscC in E. coli. Intracellular accumulation of LscC might be toxic to this organism as described for sacB, the B. subtilis gene coding for Lsc (14) . Furthermore, the gene products of lscA and lscB were detected in the periplasm but not in the supernatant of E. coli, suggesting a lack of the appropriate secretion machinery for Lsc in this organism.
In this report, single lscA, lscB, or lscC mutants and double mutants were generated and analyzed with respect to the contribution of each gene to the overall levan synthesis of P. syringae pv. glycinea PG4180. Interestingly, a clear levan-deficient phenotype could be observed only when lscB and lscC were simultaneously disrupted, giving rise to the assumption that the products of both genes contributed to the levan formation by PG4180. Consequently, either gene could restore levan production to mutant M6 (lscB lscC) in complementation experiments. In future experiments, whether transcription of either lscB or lscC is upregulated if the other gene is inactivated should be determined.
The role of lscA in levan formation of P. syringae remains obscure. As shown by heterologous expression under P lac control in E. coli (23) , lscA encodes a functional enzyme synthesizing the EPS levan. However, the lscB lscC mutant M6 exhibited a levan-deficient phenotype in vitro and did not show a signal for Lsc in the Western blot analysis, suggesting that the gene product of lscA is not translated and is dispensable for levan formation in P. syringae under laboratory conditions. When expressed under control of P lac , lscA restored levan production to the lscB lscC mutant M6 and LscA could be immunologically detected in M6 transconjugants. Therefore, we conclude that transcription of lscA under the tested conditions either does not occur or is too low to be detected. However, whether lscA is transcribed under natural conditions in planta is not known. Likewise, the location of lscB on an indigenous plasmid allows us to speculate that there might be multiple copies of the gene, thereby giving rise to a higher level of LscB than of LscC.
Interestingly, the enzymatic activities associated with the gene products of lscB and lscC accumulated in different compartments of strain PG4180. According to our data for the reporter enzyme controls, a significant carryover of Lsc from the cytosolic to periplasmic fraction by the applied fractionation method can be ruled out. If 27% of the cytosolic Lsc contaminated the periplasmic fraction, it would account for less than 1/18 of total periplasmic Lsc activity. Likewise, neither PhoA activity nor LacZ activity could be detected in the supernatant. In contrast, more than half of the cytosolic Lsc activity could come from the periplasmic fraction, which supports the assumption that most Lsc accumulated outside of the cytosol. LscB was found to be predominantly responsible for extracellular formation, while LscC accumulated in the periplasm. This important finding was confirmed when the lscB lscC mutant M6 was complemented in trans by lscB or lscC. Additionally, extracellular Lsc was found to possess an Nterminal sequence identical to the predicted amino acid sequences of LscB and LscC, suggesting that the export of both gene products to the periplasm and the further secretion of LscB proceed in a sec-independent manner.
The determinants of the compartment-specific accumulation of Lsc activity remain to be elucidated. LscB and LscC differ in only five amino acyl residues, and the conservative changes in amino acid residues 92, 327, 329, and 429 might not be important for the structure and physicochemical characteristics of Lsc. However, the alteration in position 119, a serine residue in LscB changed to a cysteine residue in LscC, could affect the putative number of disulfide bridges the proteins might form. LscC might contain two disulfide bridges, whereas LscB might possess only one. Such an alteration could significantly influence the overall structure of the enzyme, possibly leading to a selective transport across the outer membrane.
We determined whether lack of Lsc activity in a particular compartment was due to catalytic dysfunction or to a lack of protein transport. The results of Western blot analysis demonstrated that the presence of a given lsc gene product was strictly linked to its enzymatic activity. This result essentially ruled out the possibility that LscC might be secreted to the supernatant but might be nonfunctional in this particular environment. In future studies, experimental exchange of the particular amino acid residues in which LscB and LscC differ could reveal their potential to target their respective gene product to the extracellular space. Moreover, structural analyses of the polymeric levan products of LscB and LscC derived from their double mutants will be helpful in determining the particular role of periplasmic and extracellular levan formation for P. syringae.
Lsc activities were negligible in cytoplasmic and membrane fractions of P. syringae pv. glycinea PG4180. In contrast, high enzymatic activities were found in the periplasmic fraction and supernatant. This result suggested a putative two-step transport mechanism for Lsc via the periplasm as previously described for Lsc from A. diazotrophicus (2) . However, a signal peptide sequence typical for the sec-dependent type II general secretory pathway (11) was not found in any of the predicted P. syringae lsc gene products, and the N-terminal sequence of extracellular Lsc was identical to its predicted amino acid sequence. These data indicated that the enzyme was not proteolytically processed during its translocation across the inner and outer membranes. The presence of high Lsc activities in the periplasm lowers the likelihood that Lsc translocation might occur by a classical type I or type III secretion mechanism. In these secretion pathways, proteins bypass the periplasm and are directly secreted from the cytoplasm (4, 24). Charkowski et al. (8) demonstrated that specific mutations in genes for the type III hrp secretion pathway in P. syringae caused a significant accumulation of transported proteins in the periplasm. However, this particular secretion pathway functions perfectly in PG4180 (7) and therefore cannot be the cause for this particularly interesting phenotype.
In the fire blight pathogen, E. amylovora, export of Lsc across the inner membrane was suppressed when the C terminus of this enzyme was mutated (16) . The detailed mechanisms by which Lsc of P. syringae are exported from the cytoplasm and the particular signals that are necessary for the transport remain to be investigated. Molecular tools (e.g., mutants and translational fusions) to dissect the secretory pathway(s) are now available in our laboratory and are being used in ongoing studies. Ultimately, our future experiments will give new insights into the mode of Lsc export and secretion and will allow us to elucidate how the two copies of this enzyme are translocated via the bacterial membranes.
